Introduction
Erbium-doped solid-state lasers are widely used for generation of light in the eye-safe region around 1.5 m. There are many applications including range finding, remote sensing, optical fiber communication, medicine, and meteorology. As erbium-doped crystals have rather poor absorption at pump-diode wavelengths around 980 nm, the laser efficiency is reduced. For this reason, sensitizer ions such as ytterbium are added to the material to increase the pump absorption and, by means of excitation transfer to erbium ions, improve the laser performance. So far, the Er-Yb-doped phosphate glass [1] [2] [3] has been the most efficient laser host in the 1.53 m wavelength region with the optimum doping concentrations rather well established. Naturally, this material can serve as a benchmark for laser performance in this important spectral range. Other materials that have shown efficient laser operation recently are GdCa 4 O͑BO 3 ͒ 3 ͑GdCOB͒ 4,5 and YCa 4 O͑BO 3 ͒ 3 ͑YCOB͒ 6 . However, both phosphate glasses, GdCOB and YCOB, are far from perfect laser materials. The main limitations are low thermal conductivity, low threshold for thermal stress-induced fracture as well as relatively low absorption and stimulated-emission cross sections for the Yb 3ϩ and Er 3ϩ ions, respectively. For comparison, Er-Yb-doped double-tungstate crystals such as KGd͑WO 4 ͒ 2 ͑KGW͒ 7 and KY͑WO 4 ͒ 2 ͑KYW͒ 8,9 offer definite advantages with respect to all these parameters, particularly considering that the Yb 3ϩ absorption cross section is an order of magnitude larger and that the Er 3ϩ emission cross section is approximately twice as large in double tungstates than in phosphate glass, GdCOB, or YCOB. On the other hand, the spectroscopic properties and the dynamics in the Er 3ϩ and Yb 3ϩ system are substantially different in doubletungstate crystals. This means that the optimum doping concentrations and proportions, which are critical for efficient laser action, are substantially different in double-tungstate crystals from those in glass, GdCOB, or YCOB.
Laser action around 1530 nm has been demonstrated before in Er:Yb:KYW, 8 but the laser slope efficiency was extremely low with only 1% in absorbed power, which compares unfavorably with phosphate glass, 1,2 GdCOB, 4, 5 or YCOB. 6 Our objective here is to find the optimum doping concentrations in double tungstates for eye-safe laser applications. We achieve this objective by first investigating relevant spectroscopic and dynamic properties of the Er 3ϩ and Yb 3ϩ system in double-tungstate hosts. This involves an experimental study of the excitation dynamics in the crystals with a variety of doping concentrations, which will allow deducing relevant dynamic parameters for the theoretical rate equation model. The modeling then allows mapping of the expected fluorescence and gain versus doping concentrations and will be used to predict optimum concentrations. The influence of four different upconversion processes is also included in the analysis. Throughout this study we compare the relevant spectroscopic parameters of the codoped double tungstates with those experimentally determined in phosphate glass and GdCOB.
Crystal Samples and Fabrication
The rare-earth potassium tungstates KREW (RE ϭ Gd, Y and Yb) crystallize in the monoclinic system with space group C2͞c. Their unit cell parameters are reported in Table 1. 10 -12 Er   3ϩ   -doped and Er   3ϩ and Yb 3ϩ codoped KGW, KYW, and KYbW crystals at several dopant concentrations used in this research were grown at Universitat Rovira i Virgili by means of the top-seeded solution growth slow-cooling method as described in Ref. 13 . The solution consisted of K 2 W 2 O 7 as the solvent and a solute:solvent ϭ 11.5͞ 88.5 mol. % as the composition. The solutions used, weighing approximately 195-200 g, were prepared in a cylindrical Pt crucible. The temperature axial and radial gradients in the solution were 0.1 K͞mm and the saturation temperatures were in the 1170-1200 K range. The crystals grew by a seed parallel to the b crystallographic direction, without inclusions or any macroscopic defects. A cooling interval of 12 K with a cooling rate of 0.1 K͞h for the first 2 K and a lower cooling rate of 0.05 K͞h for the next 10 K (an average of 0.055 K͞h). During the growth, the seed rotates at 60 rpm without pulling. The crystals were removed slowly from the solution and cooled to room temperature at 15 K͞h after 8 days of growth. The average growth rate was approximately 2 ϫ 10 Ϫ2 g͞h. Inclusion-free crystals of approximately 5 g and average dimensions of 10.5 mm ϫ 6 mm ϫ 14 mm along the a* ϫ b ϫ c crystallographic directions were obtained with the described conditions. The Er and Yb concentrations were measured by electron probe microanalysis. The distribution coefficients for Er and Yb were smaller but close to 1 for KGW and KYW, and slightly larger than 1 for erbium doping in KYbW. A distribution coefficient similar to 1 ensures a good doping homogeneity inside the crystal and an efficient growth procedure. Some commercial Ybdoped KGW and KYW crystals were also included in the experiments. Table 2 lists all the crystals used with their doping concentrations and the crystal thickness in the crystallographic b direction, which was used as the propagation direction for pump light. To compare excitation dynamics in other hosts, an Er:Yb:phosphate glass sample, an Yb:GdCOB crystal, and an Er:Yb:GdCOB crystal were also studied. Figure 1 shows the energy-level diagram for Er:Yb:KGW and Er:Yb:KYW with relevant pro- 
Physical Background
The nonradiative relaxation of the Er ͑ 4 I 11͞2 ͒ level is determined by the phonon spectrum of the host material, especially high-energy phonon modes that give the fastest nonradiative relaxation in the multiphonon process. For example, the relaxation in phosphate glass is determined by the high-densityof-states phonon mode at 1200 cm Ϫ1 , 14 in GdCOB the predominant phonon energy is around 943 and 1300 cm
Ϫ1
, 15, 16 in YCOB the maximum phonon energy available is around 1550 cm
, 6 whereas the phonons with the frequencies of 901 and 528 cm Ϫ1 in KGW, 17 
Measurements of Fluorescence Dynamics
To measure the decay rates of the Er ͑
4
S 3͞2 ͒ and the Er ͑ 4 I 11͞2 ͒ levels that are predominantly due to multiphonon relaxations, we used singly Er-doped crystals, excited by a frequency-doubled pulsed Nd:YAG laser at 532 nm. A beam with a 3 ns pulse length and a 20 Hz repetition frequency was focused on Er:KGW and Er:KYW crystals at a 200 m diameter spot. The fluorescence was collected perpendicular from the excitation direction, passed through an imaging system and appropriate bandpass and pump-rejection filters, and was detected by a Si p-i-n diode. The temporal signal was digitized with a 5 Gsample͞s sampling rate, by use of a 1-GHz analog bandwidth oscilloscope. We measured the dynamics of the 0.55 and 1 m fluorescence for KGW crystals with Er doping concentrations of 1%, 3%, and 5% and for a 5% Erdoped KYW crystal. Because of noise in the fluorescence dynamics measurements, an error margin of less than 5% is estimated for the lifetimes in our system. The result for Er 1%:KGW is displayed as a semilogarithmic scale in Fig. 2 9 It is evident that the 4 I 11͞2 lifetimes in KGW ͑151 s on average) and KYW ͑123 s͒ are much longer than those in glass ͑2.5 s͒, 2 GdCOB ͑0.25 s͒, 4 and YCOB ͑12.6 s͒. 6 This long lifetime in KGW and KYW will cause significant back transfer and green upconversion in codoped Er-Yb crystals, in contrast to glass, GdCOB, and YCOB, which experience Yb-Er energy transfer followed by rapid relaxation from 4 I 11͞2 to 4 I 13͞2 . Although there is strong upconversion in KGW and KYW, the possibility to realize an upconversion laser is limited, because the lifetime of 4 S 3͞2 is rather short due to the relatively high phonon energy, compared to, e.g., less than 450 cm Ϫ1 in Er:LiLuF 4 , leading to a lifetime of 400 s. 20 To measure the Er 3ϩ and Yb 3ϩ fluorescence dynamics in the codoped samples, which can be used to determine the rates of the energy exchange and relaxation processes, we used an experimental setup employing a nanosecond optical parametric oscillator that generated 3 ns pulses and was tunable between 800 and 1000 nm. The beam was focused in a 200 m diameter spot and the fluorescence was again collected perpendicular from the excitation direction and was detected by Si and InGaAs p-i-n diodes. The excitation wavelength was tuned to 935 nm where only the Yb 3ϩ subsystem was excited, thus giving direct access to the resonant energy transfer dynamics. With this detection system, we could observe the fluorescence dynamics of the Yb ͑ 2 F 5͞2 ͒, Er ͑ 4 I 13͞2 ͒, and Er ͑ 4 S 3͞2 ͒ levels. The temporal resolution of the detection system was at least 100 ns, except for lowpower green upconversion fluorescence signals, for which a 12 s resolution was sometimes employed. The resolution was determined by the adjustable resistive-capacitive time constant of the detection system. We could never measure any upconversion fluorescence from the Er ͑ 4 F 9͞2 ͒ and Er ͑ 4 I 9͞2 ͒ levels with our detection system, indicating small populations of these levels, which can be due to their fast multiphonon relaxation times (in KYW the relaxation times are 2 and 1 s, respectively 9 ) and that the upconversion mechanisms ͑UC 3 and UC 4 ) that populate these levels directly are relatively weak. The maximum density of the excited Yb 3ϩ ions constituted only approximately 5% of the Yb 3ϩ concentration in the KGW and KYW crystals and at these excitation levels we can largely neglect absorption saturation and stimulated emission. The results of the measured rise times and lifetimes are listed in Table 4 and are discussed below.
First, we measured the dynamics of Yb 3ϩ in Yb:KGW and Er:Yb:KGW. It has been shown that the Yb fluorescence is almost concentration independent in Yb:KYW. 21 Because of the presence of radiation trapping 22, 23 for this quasi-three-level transition around 1 m the relaxation-time measurement results depend on the acceptance angle of the detecting system. 21 Usually, the measured lifetimes are too long because of radiation trapping, but by use of apertures with different pinhole diameters and extrapolation of the lifetime data to zero diameter, efficient elimination of radiation trapping was recently demonstrated in Yb:KYW. 21 A small pinhole reduction of radiation trapping was seen when we measured Yb lifetimes with different detectors: the measured relaxation time with an 0.8 mm 2 area detector was from 6% to 21% smaller than with a 13 mm 2 detector, with the smallest difference observed for samples with a shorter relaxation time. Consequently, we used the small-area detector for dynamics measurements. Also, the fluorescence was selected as close as possible to the crystal side surface and imaged onto the detector to limit the influence of radiation trapping. In Fig. 3 Table 4 ), and this behavior is analyzed in more detail in Section 5.
The dynamics of the Yb fluorescence in stoichiometric double-tungstate KYb 1Ϫx Er x ͑WO 4 ͒ 2 ͑Er:KYbW͒ was also measured. Because of the high Yb 3ϩ excitation and strong upconversion in these samples, the decay was nonexponential. Still, a single-exponential fit can be fitted to the measured data in the tail after 0.5 ms. The resulting tail lifetimes are around 490 and 410 s for Er 1%:KYbW and Er 3%:KYbW, respectively. These lifetimes are, as expected, close to the lifetimes of 438 and 440 s in singly doped Yb 5%: KGW and Yb 5%:KYW, respectively, because of the small Er-to-Yb concentration ratio in Er:KYbW.
The green upconversion fluorescence originating from the Er ͑ 4 S 3͞2 ͒ level is much stronger in the codoped KGW samples than in Er:Yb:GdCOB or Er:Yb:glass. In fact, for the latter materials the upconversion fluorescence was so weak that it was impossible to measure its dynamics with our setup. There are two reasons for strong upconversion in double tungstates: the relatively long lifetime of the Er ͑ 4 I 11͞2 ͒ level and the large efficiency of dipoledipole interaction between ions, resulting in large coupling constants in the transfer processes. Fast redistribution of the excitation between Yb 3ϩ and Er 3ϩ means that the relaxation dynamics of upconversion to a large extent follows that of the long-lived Yb 3ϩ subsystem. The lifetime increases from around 20 s in singly doped Er:KGW to 126 s in Er 0.5%:Yb 5%:KGW, as seen in Fig. 4 . For some samples, we could also measure the short rise times of around 4-8 s.
Finally, all the samples showed substantial fluorescence in the 1.55 m eye-safe spectral region. The fluorescence lifetime measurements (two examples in Fig. 5) showed that the relaxation time constants are mostly unaffected by the doping concentrations in the samples that were available to us. The fluorescence lifetime of approximately 3.2-3.8 ms in Er:Yb:KREW is approximately three times longer than in Er:Yb:GdCOB ͑1.16 ms͒ and more than two times shorter than in Er:Yb:phosphate glass ͑8.5 ms͒. On the whole, the fluorescence lifetime measurements indicate good potential for the accumulation of excitation energy and thus for an increase in pumping efficiency. We could not see any nonlinear decrease of the Er lifetime in samples with high Er concentration, which indicates that the cooperative upconversion from the Er ͑ 
Theoretical Modeling
To model the population levels in Yb and Er and explain the dynamics measured in Section 4, we used a set of rate equations (1)-(6). 24 Fig. 1 relax rapidly to the next lowerlying level by multiphonon decay, these states have been excluded in the rate equations: 
The population densities N Yb,1Ϫ2 and N Er,1Ϫ6 correspond to the level numbers shown in Fig. 1 . R P is the pump rate from Yb (1) to Yb (2); Yb , Er,2 , Er,3 , and Er,6 are the radiative lifetimes from the Yb ͑2͒, Er ͑2͒, Er (3), and Er (6) levels, respectively; W NR, 3 and W NR, 6 are the nonradiative decay rates from the Er (3) and Er (6) levels, respectively; k FT is the (forward) energy transfer coefficient, k BT is the back transfer coefficient, k C,1 , is the coefficient of the cumulative upconversion UC 1 , C up,1 is the coefficient of the cooperative upconversion UC 2 , k C,2 is the coefficient of the cumulative upconversion UC 3 , C up,2 is the coefficient of the cooperative upconversion UC 4 , ␤ ij are the branching ratios from the Er ͑i͒ to the Er ͑j͒ levels, and N Yb and N Er are, respectively, the total Yb 3ϩ and Er 3ϩ ion concentrations in the material.
To study the influence of forward transfer and back transfer on the lifetimes of the Yb ͑2͒ and Er ͑3͒ levels under short-pulse pumping, a system of simplified rate equations that generates single-exponential decays is derived from Eqs. (1) and (3), where low excitation is assumed and therefore upconversion is neglected. At low excitation, the ground-state populations in Er and Yb are left almost unchanged, so that a transfer rate of W FT ϭ k FT N Er and a back transfer rate of W BT ϭ k BT N Yb can be used. One could argue that at least the forward transfer coefficient k FT should be concentration dependent because of the energy migration among Yb ions. Both in glass, 27 GdCOB, 4 and YCOB, 6 k FT has been shown to depend on the Yb concentration. However, in Yb:KYW the energy migration is reduced because of the large Yb-Yb distance R, as the energy transfer between Yb ions scales with R
Ϫ6
. Because of the slow energy migration, the Yb lifetime is nearly concentration independent in KYW. 21 Because of this evidence of low migration in double tungstates and that the following model agrees well with our experimental results in the range of available doping concentrations, a simplified analysis is made in which the transfer coefficients are assumed concentration independent. Furthermore, the radiative decay from Er (6) and Er (3) is neglected as these levels relax predominantly by nonradiative processes. With these assumptions, N Yb,2 and N Er,3 can be solved from an independent linear system:
dN Er,3 dt
where W Yb ϭ 1͞ Yb . Since the pump pulse is on a nanosecond scale, compared with the other dynamic processes that are on at least a microsecond scale, the initial excitation N Yb,2 (0) is taken as constant. No initial excitation of Er 3ϩ is assumed ͓N Er,3 ͑0͒ ϭ 0͔. The solution to this linear system in Eqs. (7) and (8) is then written as
where the effective rates that determine the population evolutions are
and the constants are given by 
From approximation (17) I 11͞2 ͒ level limits the effective lifetime and hence the transfer efficiency that is possible to achieve by optimization of doping concentrations. Figure 6 displays the Yb ͑ 2 F 5͞2 ͒ fluorescence relaxation time in circles as a function of the ͓Er͔͓͞Yb͔ concentration ratio in different KGW crystals. It shows an initial fast decrease as Er 3ϩ is added to the sample, but then tends to saturation toward the nonradiative lifetime of 151 s in Er:KGW as the Yb 3ϩ and Er 3ϩ concentrations become approximately equal as predicted by approximation (17) . Equation (12) can be fitted by a least-squares approximation to the measured effective lifetimes with a k FT ͞k BT constant. The result is shown as a solid curve for k FT ͞k BT ϭ 4.2. This result shows that Eq. (12) and approximation (17) explain the observed behavior in the lifetimes' dependence of doping concentration, at least in the range of doping concentrations available to us. In Fig. 6 the solid curve also corresponds well to the rise time of the Er ͑ , where both N Yb,2 and N Er,3 decay as exp͑ϪW eff,2 t͒. In Fig. 6 the green upconversion relaxation time (squares) is actually from 8% to 16% lower than the predicted half-values of the Yb lifetimes. This can be explained by the fact that ions excited by radiation trapping outside the pumped volume can contribute less to upconversion, as the average distance between excited ions increases as the excitation fluency decreases. The same calculations were done for Er:Yb:KYW and are shown in Fig. 7 . The results are slightly different as the Er ͑ 4 I 11͞2 ͒ lifetime is shorter in KYW ͑123 s͒ and the k FT ͞k BT ratio is calculated to 2.3.
It is difficult to distinguish unambiguously which of the two green upconversion processes, the cumulative ͑UC 1 ͒ or the cooperative ͑UC 2 ͒, is the most efficient in the codoped samples. Because of the close match in energy differences between the Yb ͑ (1)- (6) ͒. This efficient redistribution of the excitation between Yb 3ϩ and Er 3ϩ subsystems suggests that the large difference in Er and Yb doping concentrations usually found in glass is not required in KGW and KYW.
As we are interested to find the optimum doping concentrations for laser action in double tungstates, we performed calculations of the gain for the Er ͑ (6)] at steady state. Here, the pump transition probability is W P ϭ P P P ͑͞h P w P 2 ͒, where P , P P , h P , and w P are the absorption cross section, power, photon energy, and beam radius of the pump, respectively. Figure 8 shows the single-pass gain ͑N Er,2 Ϫ N Er,1 ͒l at the emission peak versus Er concentration for an Er:Yb:KYW crystal of length l ϭ 1 mm, pumped homogeneously with 2 W in a 100 m diameter top-hat pump spot at 981 nm. A narrowband pump source such as a Ti:sapphire laser polarized in the N m principal optical direction is assumed. In this direction, P ϭ 11.7 ϫ 10 Ϫ20 cm 2 and the maximum stimulated emission cross section is ϭ 2.7 ϫ 10 Ϫ20 cm 2 at 1534 nm. 28 The Yb concentration is 5% and the thick solid line (a) shows the calculated result, when the green cumulative upconversion ͑UC 1 ͒ only is included with k C,1 ϭ 5 ϫ 10 Ϫ15 cm 3 s
Ϫ1
. This calculation shows the possibility for high gain at this power level with increasing Er concentration. For curves (b)-(e), UC 1 is included and also the influence of an additional upconversion mechanism UC 2 -UC 4 is studied. In thin solid curve (b), strong green cooperative upconversion ͑UC 2 ͒ is included with C up,1 ϭ 5 ϫ 10 Ϫ15 cm 3 s
, and we can see that the gain is slightly reduced at high Er concentrations.
Because of the weak fluorescence, we have not been able to measure the influence of the other upconversion processes UC 3 -UC 4 , and it is therefore difficult to know the strength of their coefficients k C,2 and C up,2 , respectively. However, we can compare the energy differences of the levels involved in the relevant emissions in Yb 3ϩ and Er
3ϩ
, respectively, and the relevant excited-state absorptions in Er 3ϩ , as the microparameters for the upconversion processes strongly depend on the overlap of the emission cross section spectrum of Yb or Er and the excited-state absorption cross section spectrum of Er. 29, 30 We compare the results of Er:Yb:KYW with Er:Yb:YCOB used by Burns et al. 6 In YCOB, the energy differences of the Er ͑ , which indicate a quite good overlap between these transitions, and the cooperative upconversion coefficient in YCOB has been measured to be 1.30 ϫ 10 Ϫ17 cm 3 s
Ϫ1
. In KYW, 28 the energy differences of the Er ͑ , which indicate a much worse overlap between these transitions. For this reason we should expect a lower cooperative upconversion coefficient C up,2 in KYW compared to YCOB. In addition, the energy differences of the Yb ͑ , which also indicate a poor overlap between the transitions involved in this cumulative upconversion. We should expect a rather low cumulative upconversion coefficient k C,2 in KYW. With these considerations in mind, we calculated the gain with quite high upconversion coefficients of k C,2 ϭ 1 ϫ 10 Ϫ17 cm 3 s Ϫ1 in Fig. 8(c) , C up,2 ϭ 1 ϫ 10 Ϫ18 cm 3 s Ϫ1 in (d), and C up,2 ϭ 1 ϫ 10 Ϫ17 cm 3 s Ϫ1 in (e). It is seen that these processes, especially the cooperative upconversion ͑UC 4 ͒, significantly reduce the gain. For dotted curve (e), when C up,2 is of the same order as in YCOB, the optimum Er concentration is 2.7% at this power level of 2 W. Figure 9 shows the single-pass gain versus pump power for 1 mm . Thin solid line (a) shows the gain of Er 0.5%:Yb 5%:KYW used by Kuleshov et al. 8 The gain is rather low, lower than in the Er:Yb:glass sample (e), making the laser sensitive to parasitic losses. For higher Er doping, higher gain is expected as in Er 5%:Yb 5%:KYW (b). Even though the threshold increases, tungstate crystals are more resistant to thermal fracture than phosphate glass, allowing for higher pump powers. Higher gain allows for outcoupling mirrors with higher transmission resulting in suppression of residual losses and higher slope efficiency. Still, because of the long Er ͑ 4 I 11͞2 ͒ lifetime, significant green upconversion losses are expected, and the calculated gain is also highly dependent on the possible cooperative upconversion from the upper laser level ͑UC 4 ͒. In (c), the gain is clearly reduced in this crystal when C up,2 ϭ 1 ϫ 10 Ϫ18 cm 3 s Ϫ1 is assumed. In (d), the coefficient is set to C up,2 ϭ 1 ϫ 10 Ϫ17 cm 3 s Ϫ1 and the Er concentration was chosen to be 2.5% (closer to the optimum concentration in Fig. 8 ). Here the gain is lower than in the phosphate glass (e), but still higher gain is expected for high powers than for the Er 0.5%:Yb 5%:KYW crystal (a). Our analysis shows the important influence of the upconversion processes in Er-Yb-doped double tungstates. In particular, the influence of the cooperative upconversion from the upper laser level ͑UC 4 ͒ has to be determined in future work, since the value of C up,2 greatly influences the optimum doping concentrations. 
Conclusions
We have investigated the fluorescence dynamics in Er 3ϩ and Yb 3ϩ doped KGW and KYW samples with a variety of doping concentrations. Lifetimes were measured for the Yb ͑ I 13͞2 ͒ lifetimes of around 3.5 ms are mostly unaffected by the doping concentrations. A rate equation analysis has been performed to explain the observed behavior, and energy transfer and back transfer coefficients have been estimated. With these results, we calculated gain for an eye-safe cw laser at 1534 nm with KYW crystals of different doping concentrations to find the optimum concentrations for high gain. Our results suggest that higher Er concentrations should be used for high gain than in the previous Er 0.5%:Yb 5%:KYW crystal evaluated in laser experiments, 8 but that the results are greatly influenced by cooperative upconversion from the upper laser level in Er. We intend to determine the value of this coefficient in the future. We have also planned laser experiments with crystals of higher Er concentrations, as predicted by our analysis.
